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The ability to control magnetic properties with an electric field raises exciting possibilities, both for the understand-
ing of the fundamental physics underlying these effects and 
for potential technological applications. Electric field control 
of magnetization has a wide range of applicability in spintron-
ics and magnetic data storage devices, ranging from electri-
cally controllable magnetic memories to magnetoelectric trans-
ducers and threshold magnetic sensors. Electric fields inside 
ferromagnets induce spin-dependent screening charges,1, 2 
leading to changes in the surface magnetization and surface 
magnetocrystalline anisotropy.3-6 In magnetic semiconductors, 
the long electric field penetration depths significantly alter the 
carrier concentration, the Curie temperature, and the satura-
tion magnetization.7, 8 Electric field induced changes have also 
been observed in metallic magnetic thin films, including sub-
stantial changes in the coercivity of FePt thin films immersed 
in a liquid electrolyte,9 and changes in the magnetic anisot-
ropy in Fe/MgO,10 Fe80Co20/MgO,
11 and Co40Fe40B20/MgO 
heterostructures.12
Ferroelectrics offer a convenient source of large, switch-
able electric fields, as well as satisfying the need for low power 
consumption, nonvolatile devices in the realization of electri-
cally controlled magnetic memories. Typically, however, the 
strain coupling of the magnetic and electrical order parame-
ters13, 14 in ferroelectric/ferromagnetic heterostructures over-
whelms the experimental investigation of more subtle mag-
netoelectric effects.15 To explore the effects of electric field 
penetration into a metallic ferromagnet, we fabricated a heter-
ostructure of a stiff metallic ferromagnet, Co, with a soft copo-
lymer ferroelectric, P(VDF-TrFE) consisting of 70% vinylidene 
fluoride with 30% trifluoroethylene, with bulk stiffness coeffi-
cients on the order of 1011 and 109 N/m2, respectively. In gen-
eral the stiffness coefficients of thin films are expected to dif-
fer from those in the bulk by 10–20%, still preserving the large 
mismatch in stiffness coefficients that will minimize magne-
tostrictive effects. The soft ferroelectric polymer is unlikely 
to cause significant strain in the much stiffer metallic Co film. 
Our experiments provide detailed evidence of the changes in 
the magnetic anisotropy and free energy of the magnetic film 
with electric field.
The sample (Figure 1a) consisted of a shallow-angled Co 
wedge grown on a Pd or Pt seed layer with a 30 monolayer 
film of the ferroelectric copolymer, P(VDF-TrFE) 70:30, depos-
ited by Langmuir–Blodgett deposition16 and covered by Al 
stripe electrodes at intervals of 3 mm (Figure 1b, see the Meth-
ods section). The large surface charge density associated with 
the ferroelectric polarization in P(VDF-TrFE), of the order of 
0.1 C/m2,17 is equivalent to an applied field of 1 GV/m, well 
above the breakdown field of most dielectrics. The anisotropy 
of the wedge-shaped magnetic film goes from out-of-plane18 
at the thinnest end to in-plane at the thickest end, undergoing 
the well-known spin reorientation transition (SRT) at an inter-
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Abstract
We demonstrate unambiguous evidence of the electric field con-
trol of magnetic anisotropy in a wedge-shaped Co film of varying 
thickness. A copolymer ferroelectric of 70% vinylidene fluoride 
with 30% trifluoroethylene, P(VDF-TrFE) overlays the Co wedge, 
providing a large switchable electric field. As the ferroelectric po-
larization is switched from up to down, the magnetic anisotropy 
of the Co films changes by as much as 50%. At the lowest Co thick-
ness the magnetic anisotropy switches from out-of-plane to in-
plane as the ferroelectric polarization changes from up to down, 
enabling us to rotate the magnetization through a large angle at 
constant magnetic field merely by switching the ferroelectric po-
larization. The large mismatch in the stiffness coefficients between 
the polymer ferroelectric and metallic ferromagnet excludes typi-
cal magnetoelectric strain coupling; rather, the magnetic changes 
arise from the large electric field at the ferroelectric/ferromagnet 
interface.
Keywords: Magnetoelectric coupling, electric field control of magnetization, polymer ferroelectric, magnetic anisotropy
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mediate thickness.19 The quantity that determines the orien-
tation of the ferromagnetic film is the anisotropy energy, Keff 
= ((Ks/t) – Kv), where t is the film thickness. The surface an-
isotropy, Ks, favors out-of-plane magnetization and Kv, the 
volume term, is dominated by the shape anisotropy, favoring 
in-plane magnetization. At the SRT, the two energies are com-
parable, resulting in a very small net anisotropy.
The ferroelectric polarization hysteresis loop (Figure, 1c) 
demonstrates that voltages of ±12 V are sufficient to switch the 
polarization of the ferroelectric film between its two oppos-
ing states.20 The essence of the magnetoelectric effect is shown 
in panels d and e of Figure 1, which indicate increased out-of-
plane coercivity and decreased in-plane coercivity for up po-
larization (in which the ferroelectric bound surface charge at 
the Co surface is negative and the electric field in the Co film 
points out of the film) vs down polarization. Similar hystere-
sis loops were measured across the Co wedges down to thick-
nesses of 9 Å, indicating that the Co film is both continuous 
and ferromagnetic at this thickness.
The influence of the polarization state on the magnetiza-
tion arises primarily from electric field penetration into the 
magnetic film. The electric field induces unequal screening for 
spin-up and spin-down electrons in the ferromagnet changing 
both the anisotropy energy and the magnetization for the top 
few atomic layers.2, 5 We expect the other likely mechanisms of 
magnetoelectric coupling to be much weaker. Mechanical cou-
pling is weak because of the relative softness of the polymer, 
as noted above. The polymer should have negligible influence 
on bonding at the metal surface, an expectation supported by 
first-principles calculations of the interlayer bonding at the 
Co/P(VDF-TrFE) interface.21
The results of both in-plane and out-of-plane magnetization 
measurements along the Co wedge for both polarization states 
are summarized in Figure 2, for cobalt films grown on Pd and 
Pt seed layers, respectively. These results demonstrate three 
key factors. (i) The ratio of the remanent magnetization, Mr, 
to the saturation magnetization, Ms, is shown in panels a and 
d of Figure 2 and indicate that Co wedge thickness spanned 
the spin reorientation transition from out-of-plane to in-plane 
anisotropy. The position and width of the reorientation transi-
tion depend on the underlying seed layer material. (Note that 
these measurements of the SRT (Figure 2) were made with 
a virgin ferroelectric film, before the application of an exter-
nal voltage to polarize the film. However, previous measure-
ments indicate that LB deposition results in films with a pref-
erential up polarization.22 Additional experiments described 
in the Supporting Information show that the presence of the 
unpoled P(VDF-TrFE) film results in a significant shift of the 
SRT toward the thicker end of the wedge, an effect that may 
result from subtle chemical changes at the interface.) (ii) When 
the ferroelectric polarization is pointing away from the metal-
lic Co layer, there is an increase in the out-of-plane coercivity 
Figure 1. (a) Schematic side view of the sample: glass/(Pd or Pt)/Co (8.5–27.8 Å)/30 monolayers P(VDF-TrFE) 70:30/Al(30 nm). The Co 
strip is 40 mm long resulting in a very shallow wedge angle of 2.7 × 10–6 deg. (b) Schematic diagram of the top view of the sample with 
bottom (gray) Co electrode and top Al (green) electrode. (c) Ferroelectric hysteresis loop on one particular spot. (d) Out-of-plane hyster-
esis loops at a Co thickness of 9.5Å using PMOKE (polar magneto-optical Kerr effect) depicting the change in coercivity for two different 
polarization states. Up polarization results in a larger out-of-plane coercivity than down polarization. (e) In-plane magnetization hystere-
sis loops for the same Co thickness of 9.5Å using longitudinal MOKE (LMOKE) depicting the changes in coercivity indicate that up polar-
ization (black) results in smaller in-plane coercivity than down polarization (red).
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and a decrease in the in-plane coercivity across the entire 
range of Co thicknesses explored. Clearly, this polarization di-
rection (up) favors out-of-plane anisotropy. Note that for the 
Co/Pt sample, we present results both at ferroelectric rema-
nence, with zero applied voltage, and with an applied voltage 
of 12 V. The slightly larger changes seen with the voltage on 
are attributed to the relaxation of the ferroelectric polarization 
when the voltage is turned off.23 (iii) The changes in the out-of-
plane coercivity are most pronounced in the region of the spin 
reorientation transition. In contrast, the changes in the in-plane 
coercivity are minimized at or close to the SRT.
In contrast to spin-reorientation experiments with Fe/MgO 
thin films,10 which require the application of large voltages to 
perturb the magnetization, the changes seen here are present 
at zero applied voltage because the remanent ferroelectric po-
larization produces a large interface charge. This has impor-
tant ramifications for data storage technology, providing a 
route to nonvolatile memory storage, because this large rema-
nent polarization is controlled with a relatively small voltage.
To minimize magnetic domain effects in the interpreta-
tion of the magnetization data, the effective uniaxial anisot-
ropy constant Keff for both samples was calculated using the 
area method.24 This method assumes that irreversible domain 
mechanisms are similar for both in-plane and out-of-plane di-
rections, and hence the difference in area between the out-of-
plane and in-plane magnetization curves yields the effective 
anisotropy energy Keff. (See the Supporting Information for 
additional details.) As expected from the data in Figure 2a the 
anisotropy energy for the up polarization state (negative in-
terface charge) changes sign at the SRT (see Figure 3a), going 
from positive to negative, where a positive value of Keff corre-
sponds to out-of-plane anisotropy. For the smallest Co thick-
ness measured, switching the ferroelectric polarization to the 
down state (positive interface charge) alters the uniaxial anisot-
ropy from positive to negative, allowing for electric field con-
trolled switching of the magnetization easy axis from out-of-
plane to in-plane.
The reversal of the electrical polarization results in changes 
in the anisotropy energy, ΔKeff = Keff(P↑) – Keff(P↓). If we assume 
that these changes arise solely from the changes in the surface 
anisotropy energy, we can write ΔKs = tΔKeff (where t is the 
thickness of the Co film). These quantities are shown in panels c 
and d of Figure 3 as a function of Co thickness and indicate that 
polarization reversal results in surface anisotropy changes that 
are in the range of 30–70 μJ/m2 for both the Co/Pd and Co/Pt 
samples. Given the short electric field penetration depth of ~1.5 
Å in Co, we would expect ΔKs to be constant across the whole 
thickness range. The differences may be due to nonuniform sur-
faces resulting in variations of the local electric field.
The central role of the switchable polarization of the ferro-
electric film, and the resulting electric field in the Co, is fur-
ther demonstrated by two more experiments. At temperatures 
above the ferroelectric Curie temperature of the P(VDF-TrFE), 
where the spontaneous polarization vanishes, the magnetiza-
tion hysteresis loops showed no change in coercivity (see Sup-
porting Information) because in the paraelectric phase, there 
was no remanent polarization and no net charge at the inter-
face to influence the magnetic film. Investigations of the mag-
netic coercivity at intermediate polarization states demon-
strated that the magnetic coercive field is proportional to the 
net ferroelectric polarization, as shown in Figure 4, in which 
the magnetic coercive fields for out-of-plane hysteresis loops 
are plotted as a function of the applied electric field, clearly 
displaying the hysteretic behavior corresponding to the fer-
roelectric polarization state. The inset of Figure 4 shows the 
magnetic coercive field plotted as a function of the ferroelec-
tric film polarization (with the relative polarization values ob-
tained empirically from the pyroelectric hysteresis loop), re-
vealing the proportionality between the two, apart from a 
small remaining hysteresis, which we attribute to incomplete 
ferroelectric domain switching. The ferromagnetic domains 
are a few micrometers in size25 and about 2 orders of magni-
tude larger than the ferroelectric domains in P(VDF-TrFE), 
which are 30–50 nm in size.26 Hence, each ferromagnetic do-
main experiences an electric field that results from the average 
macroscopic polarization.
Figure 2. (a), (b), and (c) correspond to the Pd/Co sample and 
(d), (e), and (f) to the Pt/Co sample. (a) and (d) Mr/Ms data for 
out-of-plane and in-plane MOKE measurements. Mr/Ms is a mea-
sure of the squareness of the magnetization hysteresis loops. Out-
of-plane and in-plane Mr/Ms measurements indicate the spin re-
orientation region. Co films grown on both Pd and Pt seed layers 
show a clear spin-reorientation transition region (gray shadow) 
from out-of-plane to in-plane as the Co thickness increases. (b), 
(c), (e), and (f) Depicting the difference in coercivity ΔHc = Hc(P↑) 
– Hc(P↓), between up and down polarization. (b) and (e) For out-
of-plane measurements the up polarization state has a larger co-
ercivity than the down polarization state over the entire thickness 
of Co, with a maximum difference of 26 mT for the Pd/Co sam-
ple and 16 mT for the Pt/Co sample in the SRT region. ΔHc data 
with voltage-on are shown for the Pt/Co sample (orange). The re-
maining data are taken at remanence. (c) and (f) In-plane mea-
surements indicate the opposite behavior for the change in coer-
civity with ferroelectric polarization.
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The results of these experiments show that the changes 
in magnetic behavior cannot be attributed to volume effects. 
Symmetry considerations dictate that there should be no 
change in the in-plane strain in the ferroelectric film on polar-
ization reversal and therefore no strain effects in the Co. (Any 
out-of-plane strain in the ferroelectric film would not have in-
duced stress in the films, because the sample thickness was 
unconstrained.) Further, any residual strains in the polymer 
ferroelectric film are unlikely to perturb the Co, because of the 
much lower stiffness coefficient of the polymer.
The high electrical polarization charge, 0.1 C/m2, at the 
polymer surface contributes an appreciable electric field. As-
suming a 10–15 Å naturally occurring overlayer of CoO,27 the 
electric field penetrating the Co surface is calculated to be 8.74 
× 108 V/m and extends into the metallic Co layer over a dis-
tance of ~1.5 Å, altering the spin polarization over this depth 
because of unequal spin-up and spin-down screening charge 
densities.2, 5 From our data the maximum change in the anisot-
ropy due to the induced electric field is ΔKeff/ΔE = 4.5 × 10–5 
J/(m2 V). This may be compared to the much smaller experi-
mentally obtained values of 2.1 × 10–8 J/(m2 V) found with a 
Fe/MgO heterostructure,10 where the electric field was pro-
duced by applying relatively large applied voltages of ±200 V 
and persisted only as long as the voltage was applied. Theo-
retical predictions of surface anisotropy changes1 in the tran-
sition metals of ~10–14 J/(V m) are very close to our experi-
mentally observed value ΔKs/ΔE ~6 × 10–14 J/(V m). These 
predicted large changes, however, assume extremely large ap-
plied electric fields of 1 V/Å, well above the breakdown field 
of oxides. In contrast, the magnetization changes seen in our 
system were obtained at low applied voltages (12 V) and per-
sisted when the applied voltage was set to zero.
The effect of the ferroelectric polarization on the mag-
netic anisotropy energy is also apparent in an investigation of 
the magnetic switching behavior, as illustrated by Figure 5a. 
The two out-of-plane magnetization hysteresis loops, one for 
Figure 3. (a, b) Effective uniaxial anisotropy constants as obtained from the area method as a function of Co thickness for samples on a (a) 
Pd seed layer and (b) Pt seed layer. For the lowest thickness (9.2 Å) Keff is positive for up polarization and negative for down polarization in-
dicating a switching of the easy axis from out-of-plane to in-plane. At larger thickness, negative values of Keff result in in-plane magnetiza-
tion. At the spin reorientation region for up polarization, the effective anisotropy is close to zero, in agreement with the Mr/Ms data in Fig-
ure 2. (c, d) Changes in effective anisotropy ΔKeff = Keff(P↑) – Keff(P↓) (red circle) and surface anisotropy ΔKs = t ΔKeff (blue square) resulting 
from switching of the ferroelectric polarization plotted as a function of Co thickness for samples on (c) a Pd seed layer and (d) a Pt seed layer.
Figure 4. Out-of-plane magnetic coercivity, as a function of ap-
plied voltage, (and net ferroelectric polarization) measured at a Co 
thickness of 11.2 Å at zero applied voltage, after the requisite volt-
age has been applied to change polarization. Coercivity measure-
ments as a function of applied voltage show a shape similar to the 
ferroelectric polarization. Inset: out-of-plane coercivity as a func-
tion of ferroelectric polarization (as measured by the pyroelectric 
current). The polarization values corresponding to applied volt-
age were taken from a polarization hysteresis loop similar to that 
shown in Figure 1c.
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polarization up and the other for polarization down, are shown 
for the Pt/Co film at a Co thickness of 8.8 Å. The ferroelectric 
film was polarized up and the magnetic film was saturated, re-
sulting in the magnetization denoted as point 1 in Figure 5a. On 
reducing the applied magnetic field to −8.34 mT, the magneti-
zation value dropped rapidly (a consequence of magnetic relax-
ation effects) to the state denoted by 2 in Figure 5a, where it was 
stable for an extended period of time. Switching the ferroelec-
tric film to the opposite (down) polarization state resulted in an 
abrupt change of the magnetization to point 3 in the hysteresis 
loop (Figure 5a). Reversing the polarization to up had no effect 
on the magnetization. A similar sequence with polarization up, 
negative magnetic saturation, reduction of the field to +10.43 
mT and switching of the polarization results in the magnetiza-
tion switching from 5 to 6. Both 2 to 3 and 5 to 6 are irreversible 
with electric field, requiring the presence of a magnetic field to 
reverse the magnetization state.
The irreversible polarization-induced switching results from 
the free-energy landscape of the magnetic state and its depen-
dence on the polarization direction. The magnetic free energy 
in a uniaxial system with no magnetocrystalline anisotropy may 
be written as U = Keff sin2 θ – M
→· H→, where Keff is the effective an-
isotropy, which in our sample is dependent on the electric field, 
θ is the angle the magnetization makes with the normal to the 
film, and M and H are the saturation magnetization and applied 
magnetic field, respectively. Because we could not measure the 
in-plane magnetization for the 8.8 Å film, we use the Keff values 
for the 13.5 Å film, 37.6 and −16.3 kJ/m3 for up and down po-
larization states, respectively, to calculate the free energy curves 
shown in Figure 5b. For up polarization, at an applied field of 
−8.3 mT, the free energy barrier to magnetization reversal pre-
vents rotation of the magnetization into the field direction, and 
the magnetization is stable at θ = 0, corresponding to point 2 in 
Figure 5a. Switching to down polarization lowers the energy 
barrier with the minimum of energy occurring at θ = 0.6π, i.e., 
the magnetization lies close to the in-plane direction at point 3 
in Figure 5a. Because PMOKE measures only the perpendicular 
component of the magnetization, we expect to measure a value 
of −0.36Ms, close to the actual value of −0.5Ms, which was mea-
sured at point 3. The irreversibility of this transition is due to 
the large energy barrier encountered in going from point 3 to 
point 2 (or from point 6 to point 5).
In conclusion, we have shown that the electric polarization 
state of a polymer ferroelectric thin film substantially alters the 
magnetic anisotropy of a thin film transition metal ferromag-
net, changing the magnetization easy axis from out-of-plane 
to in-plane for sufficiently thin ferromagnetic films. This mag-
netization switching from out-of-plane to in-plane is achieved 
using an applied voltage of only 12 V, is stable at remanence, 
and is irreversible with electric field alone. The change in mag-
netic anisotropy is proportional to the polarization of the 
polymer ferroelectric, and the effect is absent above the fer-
roelectric transition temperature. Moreover, this behavior 
is achieved in a device with relaxed constraints on the ferro-
electric/ferromagnetic interface as exemplified by the ex situ 
growth of the ferroelectric in a water subphase and the natu-
rally occurring oxide layer on the ferromagnet. Both of these 
confer distinct benefits in the realization of nonvolatile mem-
ory devices and are in stark contrast to the demanding fabri-
cation requirements of oxide ferroelectric films. The changes 
in the surface anisotropy, 30–70 μJ/m2, are an order of mag-
nitude higher than those seen in previous experiments10 and 
the magnetoelectric anisotropy coupling coefficient, ΔKeff/ΔE, 
is almost 3 orders of magnitude higher.
The substantial mismatch between the stiffness coefficients 
of the ferromagnet and the ferroelectric precludes strain ef-
fects and the weak interfacial coupling rules out atomic rear-
rangements at the interface. Hence we infer that this is purely 
an electric field effect, arising from the large surface charge 
density at the ferroelectric/feromagnet interface that results in 
a large electric field that will penetrate the metallic Co over a 
distance equal to the screening length. This alters the anisot-
ropy energy barrier for magnetic switching allowing for elec-
tric control of magnetic switching at very low applied voltages 
of ±12 V, with the magnetic state remaining stable in the ab-
sence of applied voltage.
Figure 5. The red and black magnetic hysteresis loops for Co 
thickness of 8.8 Å correspond to polarization pointing down and 
up, respectively. (a) Starting from positive magnetic saturation, 
with polarization pointing up, we reduce the magnetic field to 
−8.3 mT resulting in a lowering of the magnetization to point 2. 
Switching the FE polarization to down results in a reduction of the 
magnetization to point 3, due to the lowering of the energy bar-
rier with the change in polarization. Point 3 is stable and changing 
the polarization does not switch it back to point 2. Similarly after 
negative magnetic saturation and polarization up, we increase the 
field to 5, switch the FE polarization to down resulting in a change 
of the magnetization to point 6. Switching back to up polarization 
does not alter state 6, which like 3 is stable to changes in the ferro-
electric polarization. (b) Calculations of the magnetic free energy 
consisting of the magnetic anisotropy (which is altered by the di-
rection of ferroelectric polarization) and Zeeman energies for the 
two polarization states. Note the lowering of the energy barrier 
when the polarization is switched from up to down and the min-
ima of energy occurring at θ = 0.6π.
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Methods — The metallic bottom electrodes were sputtered 
through shadow masks 0.2 mm wide and 40 mm long on glass 
substrates at a base pressure of 3.7 × 10–8 Torr. The Co layer 
with a wedge angle of 2.7 × 10–6 deg was deposited on a seed 
layer of either Pd or Pt (50 nm). The deposition rates of Pt, Pd, 
and Co were 0.46, 0.65, and 0.216 Å/s, respectively. The poly-
mer ferroelectric films were deposited ex situ directly on the co-
balt films by the Langmuir–Blodgett (LB) technique. The Lang-
muir layer was formed on an ultrapure water subphase using 
a 0.05% concentration of P(VDF-TrFE) (70:30) in dimethyl sulf-
oxide. The layer was then compressed to a surface pressure of 
5 mN/m at a temperature of 25 °C and deposited onto the sub-
strate using horizontal Langmuir–Blodgett deposition, with the 
film thickness determined by the number of transferred mono-
layers (ML). The LB deposited copolymers of 70% VDF with 
30% of TrFE, [P(VDF-TrFE) 70:30] are highly crystalline, excel-
lent ferroelectrics with a saturation polarization of up to 0.1 C/
m2. The sample was then annealed at 130 °C for an hour in air 
at a ramp rate of 1.6 °C/min for both heating and cooling to in-
crease the crystallinity of the polymer film. The 0.2 mm wide 
top Al electrode was deposited on top of the polymer film by 
evaporation at a deposition rate of 1.2 Å/s. The top and bot-
tom electrodes form a crossed pattern and defining an overlap-
ping electrode area of 0.04 mm2. Copper wires were attached to 
the top and bottom electrodes with silver epoxy, allowing for 
pyroelectric measurements and enabling polarization switch-
ing. The ferroelectric properties of the polymer film were char-
acterized by pyroelectric measurements using the Chynoweth 
method in which the sample temperature was modulated us-
ing a 3 mW laser beam at a chopper frequency of 2 kHz, and 
the pyroelectric current was measured by a lock-in amplifier 
with a time constant of 1 s. The magnetic layers of the samples 
have been characterized using the Magneto-optical Kerr effect 
(MOKE) using longitudinal MOKE for in-plane measurements 
and polar MOKE for out-of-plane measurements. The magnetic 
anisotropy was calculated using the area method (see Figure 
S3 in the Supporting Information), where we assume the bulk 
magnetization value for Co.
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Supporting Information 
The shift in the spin reorientation transition of Co 
Deposition of the FE layer results in a substantial shift in the position of the spin 
reorientation transition (SRT) on the Co wedge, as shown in figure S1 (a).  Measurements of 
both in-plane and out-of-plane MOKE and the corresponding Mr/Ms values indicate that the SRT 
shifts from a thickness of approximately 10Å without the FE polymer to 13Å after the polymer 
film has been deposited and annealed. This shift is attributed to interfacial chemistry at the metal 
polymer interface.  Cobalt has been shown to be particularly reactive with polymers, 1 with the 
formation of carboxylates, Co(OH)2 as well as clusters of metallic Co. Cobalt films exposed to 
ambient conditions, as was this sample, form oxides and hydroxides,2 with rates of formation 
dependent on temperature and time, further complicating the issue. A series of experiments to 
explore the origin of the dramatic shift in the position of the SRT were carried out on a Co 
wedge (identical to the Pt/Co wedge) with thickness ranging from 4 Å to 17 Å using the 
magneto-optical Kerr effect (MOKE) to pinpoint changes in the SRT (see supporting figure S1 
(b)). A set of four MOKE measurements were made in sequence: (i) on the bare Co surface after 
removal from the deposition chamber (ii) after immersion in ultrapure water, as would occur for 
the LB deposition process, effected by dipping the sample into a clean LB trough (iii) after 
deposition of the PVDF and (iv) after annealing of the PVDF film. The SRT remained unaffected 
by the first three steps, shifting dramatically from 8 Å to 12 Å only after annealing of the PVDF 
film. We attribute this change to interfacial chemical changes that are accelerated by the 130 °C 
annealing temperature, rather than to electric field effects from the polarized ferroelectric. This is 
because, although annealing does increase the net polarization of PVDF, 3 magnetic hysteresis 
loops for the out of-plane easy axis direction recorded above the Curie temperature of the 
ferroelectric polymer showed no change from the room-temperature measurements (see 
supporting figure 2).  
The effect of temperature  
In order to confirm the central role of the ferroelectric polarization in the magnetic effects 
observed, the Pt/Co sample was heated to 119.4 °C, well above the ferroelectric-paraelectric 
phase transition temperature of 107 °C. 4 The out-of plane MOKE measurement at a Co 
thickness of 11.2 Å corresponding to two different applied voltage of +12 V and -12 V, the same 
voltage used previously to polarize the FE layer is shown in figure S2 (a). There was no 
significant effect of the sign of the applied voltage in the magnetic coercivity, which was 
measured at zero voltage in both cases. At this temperature, the ferroelectric film does not 
remain polarized without a voltage. On cooling back down to room temperature, the polymer 
film was confirmed to be ferroelectric through polarization hysteresis measurement (see figure 
S2 (b)) and again the out-of plane MOKE measurements in the two different polarization states, 
up (-12 V) and down (+12 V), showed the change in coercivity of 8.9 mT as shown in figure S3 
(c). The much lower coercivity of the magnetic film at high temperature (compare figure S2 (a) 
and (c)) is a feature common to ferromagnets, and not necessarily due to the loss of ferroelectric 
polarization in the polymer film. To test this hypothesis with our Co films, a new sample of Pd 
(50 nm)/Co (1.4 nm) was made. The MOKE measurement from this sample (Figure S3 (d)) also 
exhibits a decrease in coercivity by 5.1 mT from room temperature to at 119.4 °C, the same 
amount observed with the cobalt-polymer heterostructure (figure S2 (a)).  
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Supporting figure captions 
Fig. S1. (a) Mr / Ms data for both in-plane and out-of plane magnetization loops before 
and after the growth of the ferroelectric P(VDF-TrFE) 70:30 layer. i) in-plane data without FE 
layer (solid black) ii) out- of plane data without FE layer (open black) iii) in-plane data with FE 
layer (solid red) iv) out-of plane data with FE layer (open red) for the magnetization loop 
measurement. Clearly there is a shift in the transition region to the thicker side of the Co film as 
shown by the arrow from the green shaded region to the gray shaded region. (b) A set of four 
sequential MOKE measurements were made on an identical Pt/Co wedge sample with thickness 
ranging from 4 Å to 17 Å: (i) on the bare Co surface (ii) after immersion into water (iii) after 
deposition of the PVDF and (iv) after annealing of the PVDF film. The SRT transition remained 
unaffected by the first three steps, shifting dramatically from 8 Å to 12 Å only after annealing of 
the PVDF film. 
                                                                                                                                                             
Fig. S2. (a) At 119.4 °C, well above the ferroelectric-paraelectric phase transition 
temperature there is no change in coercivity. (b) and (c) are room temperature measurements of 
the b, ferroelectric loop and c, magnetization loop indicating that the sample is stable. (d) The 
lower coercivity at high temperature is an expected feature. A Pd/Co sample without the FE layer 
shows a similar temperature dependence of the coercivity. 
Fig. S3. Schematics of the magnetic anisotropy calculation using the area method. The 
black and red magnetization curve gives the area in the first quadrant of the magnetic hysteresis 
loop for the easy and hard axis directions respectively. If we assume that domain losses are 
identical for both in-plane and out-of-plane orientations, the difference between these two areas 
(shown in green) gives the effective anisotropy energy, which contains both the surface and 
volume anisotropy energies.  
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